Individuals with CKD are particularly predisposed to thrombosis after vascular injury. Using mouse models, we recently described indoxyl sulfate, a tryptophan metabolite retained in CKD and an activator of tissue factor (TF) through aryl hydrocarbon receptor (AHR) signaling, as an inducer of thrombosis across the CKD spectrum. However, the translation of findings from animal models to humans is often challenging. Here, we investigated the uremic solute-AHR-TF thrombosis axis in two human cohorts, using a targeted metabolomics approach to probe a set of tryptophan products and high-throughput assays to measure AHR and TF activity. Analysis of baseline serum samples was performed from 473 participants with advanced CKD from the Dialysis Access Consortium Clopidogrel Prevention of Early AV Fistula Thrombosis trial. Participants with subsequent arteriovenous thrombosis had significantly higher levels of indoxyl sulfate and kynurenine, another uremic solute, and greater activity of AHR and TF, than those without thrombosis. Pattern recognition analysis using the components of the thrombosis axis facilitated clustering of the thrombotic and nonthrombotic groups. We further validated these findings using 377 baseline samples from participants in the Thrombolysis in Myocardial Infarction II trial, many of whom had CKD stage 2-3. Mechanistic probing revealed that kynurenine enhances thrombosis after vascular injury in an animal model and regulates thrombosis in an AHR-dependent manner. This human validation of the solute-AHR-TF axis supports further studies probing its utility in risk stratification of patients with CKD and exploring its role in other diseases with heightened risk of thrombosis.
likely to improve thrombosis risk prediction and improve antithrombotic management of patients with CKD.
The role of retained solutes (uremic solutes) in enhancing thrombogenicity of the CKD milieu (uremia) has been demonstrated in ex vivo models and recently in mouse models. [9] [10] [11] [12] Particularly, indolic solutes, such as indoxyl sulfate (IS) produced by tryptophan metabolism and retained starting in the early stages of CKD, increase tissue factor (TF) expression in the vessel wall to trigger thrombosis 10 through aryl hydrocarbon receptor (AHR) signaling, thereby defining the uremic solute-AHR-TF thrombosis pathway. 11, 13 Although these studies established a mechanistic basis for this pathway and its potential druggability, 9, 11 validation of these findings in humans has yet to be performed.
Here, we set out to comprehensively examine the uremic solute-AHR-TF axis in patients from two clinical trials that focused on thrombosis after different types of vascular injury. The Dialysis Access Consortium Clopidogrel Prevention of Early AV Fistula Thrombosis trial (DAC-Fistula) 14 and the Thrombolysis in Myocardial Infarction (TIMI)-II study 15 examined the thrombotic complications after hemodialysis arteriovenous fistula (AVF) creation and balloon angioplasty, respectively. Although these two types of injury models are distinct, their postinjury vascular beds share common characteristics including endothelial damage and exposure of vascular smooth muscle cells (vSMCs), both of which contribute to thrombosis. [16] [17] [18] Using this mechanistic rationale, this study leverages a prevalidated liquid chromatography-mass spectrometry (LC/MS)-based targeted metabolomics analysis, 19 and high-throughput AHR and TF activity assays in thrombosis-relevant cells 11 to evaluate the abilities of sera obtained before enrollment to increase AHR signaling and TF activity. The DAC-Fistula trial randomized 877 patients with ESRD to clopidogrel or placebo with the primary outcome of AVF thrombosis within 6 weeks of its creation, which occurred in 137 (15%) participants. 14, 20 Given outcome of post-vascular injury thrombosis, 21 the results obtained from analysis of the DAC-Fistula were validated in a subgroup of patients (n=377) from the TIMI-II trial who underwent percutaneous transluminal coronary angioplasty (PTCA) (n=1144) for ST-segment elevation myocardial infarction. 15 Reinfarction or reocclusion of the coronary vessel in these patients was considered as a post-PTCA thrombotic "event" (9.8% of 377 participants). In this study, all of the sera samples were probed for a set of solutes, which are associated with tryptophan metabolism (such as IS) and retained in patients with CKD. 22, 23 This set included indole acetic acid (IA), L-kynurenine (Kyn) and ynurenic acid (KA), anthranilic acid (AA), and xanthurenic acid (XA). 19 
RESULTS

Solute-AHR-TF Axis in AVF Thrombosis
A comprehensive analysis of components of the uremic solutes-AHR-TF axis ( Figure 1, Supplemental Figure 1 , A-C) in the samples from the DAC fistula trial was performed with the hypothesis that the components of this axis are likely to be higher in patients with AVF thrombosis. Because biosample collection was not initiated until approximately half of the trial Figure 1 . Uremic thrombosis axis (uremic solutes-AHR-TF) in humans. Working hypothesis of the uremic thrombosis axis: Tryptophan degraded to indole by intestinal bacteria undergoes conversion to indolic solutes such as IS in the liver. Tryptophan absorbed through the portal circulation also undergoes metabolism in the liver to Kyn. IS and Kyn are retained in patients with CKD and their elevated levels activate the AHR pathway to increase TF levels in the vessel wall to enhance thrombosis. The uremic solutes-AHR-TF axis is a novel and CKD-specific thrombotic signaling pathway.
Significance Statement
CKD is a strong risk factor for thrombosis. Previously, animal studies have shown that uremic solutes mediate this event through the activation of Aryl Hydrocarbon Receptor (AHR) and tissue factor (TF), thus, defining a uremic thrombosis axis. In this study, its human relevance is examined using data collected from two distinct clinical trials. In line with the animal studies, the analysis on 850 sera samples showed a significant correlation of a set of uremic solutes, AHR and TF activities with the thrombotic events. This human validation supports further studies to explore this novel axis as a uremic thrombosis biomarker and to test its contribution in other diseases characterized by thrombosis.
participants were enrolled, baseline sera (before fistula creation) were available from only 473 participants. Because our focus was on identifying markers of thrombosis regardless of its time of occurrence, we included all AVF thrombosis events in this trial. The baseline characteristics of participants were similar between the thrombotic "event" and the nonthrombotic "no-event" groups (Table 1) .
We first compared the distribution of the components of the solute-AHR-TF axis between event and no-event groups (Table 1) . Among analyzed metabolites, IS, Kyn, and kynurenic acid showed a nonoverlapping distribution between both the groups and significantly higher levels (P,0.001) in the event group (Figure 2 , A-D, Supplemental Figure 2A ), whereas no differences were observed for other metabolites, including IA ( Figure 2 , E-F, Supplemental Figure 2 , B and C). Similar differences in the distribution and higher levels of AHR activity were observed in the event group (Figure 2, G and H) . Given the potential contribution of vSMCs and endothelial cells to AVF thrombosis, TF activities were analyzed in both these cell types. The results showed significantly higher TF activity in both of in the event group (Figure 2 , I-K). Furthermore, significant correlations between IS-AHR (R 2 =0.59, P,0.001), Kyn-AHR (R 2 =0.51, P,0.001), and IS-TF (R 2 =0.24, P,0.05) were noted only in the event group.
One of the central expectations of identifying a biomarker signature is to determine a potential set of molecules that associates with a process and differentiates patients on the basis of risk. We employed data clustering techniques that are part of the broad field of machine learning, [24] [25] [26] to discern the discriminatory potential of the parameters of the solute-AHR-TF axis to segregate patients with events. For example, methods such as principal component analysis (PCA) ( Figure 2L ) allowed us to fully appreciate the cumulative effect of the components of the thrombosis axis by reducing such high-dimensional data to fewer dimensions without significant loss of information. 25, 27 The underlying hypothesis is that patients with thrombosis will be clustered together and away from the group with no thrombosis. PCA showed that the first two principal components plotted on a two dimensional (2D) map revealed a distinct separation between the "event" and "no-event" subgroups, and this clustering was also evident using several other dimensionality reduction methods (Supplemental Figure 2, D-F) . Taken together, these results indicate that the combination of uremic metabolites, AHR, and TF can segregate the study participants with and without thrombosis, thus supporting their biomarker potential.
Validation of the Solute-AHR-TF Axis in the TIMI-II Study Cohort We substantiated our findings of increased levels of solutes, AHR, and TF activities in patients with post-vascular injury thrombosis using another clinical cohort, the TIMI-II trial (Supplemental Figure 1D ). Sera samples (n=377) were obtained from patients who underwent PTCA (n=1144). Of 377 patients, 66% had CKD stage 2 or 3 (Supplemental Figure 3A) . Complications, such as postangioplasty protocol lesion thrombosis, nonprotocol lesion thrombosis, occlusion of infarct-related vessel, and occlusion of branch(es) of infarctrelated vessels, were all grouped as thrombotic events (n=37). Baseline characteristics were similar in the participants with and without events ( Table 2) . Among examined metabolites, Kyn and XA showed differences in the distribution pattern between event and no-event groups and significantly higher levels (Kyn P,0.001 and XA P=0.03) in the event group ( Figure 3 , A and B, Supplemental Figure 3A ). Other metabolites including IS did not show any differences between the event and no-event groups ( Figure 3 , C and D, Supplemental Figure 3 , B-E). Significantly higher AHR and TF activities were noted in the event group ( Figure 3 , E-H). Using levels of Kyn, AHR, and TF activities, the PCA performed on the TIMI-II data showed a distinct separation between the "event" and "no-event" patient groups ( Figure 3I , Supplemental Figure 3 , F-H), indicating the presence of a crossplatform signature (metabolite and cell activities) associated with the post-vascular interventional thrombosis.
Kyn Mediates Thrombosis through AHR-TF Axis
Although the association of Kyn with the blood levels of TF is known, 22 its exact mechanism or relevance to the post-vascular injury thrombosis remains poorly understood. The data from both the cohorts showed significantly higher levels of Kyn in the event group; we therefore hypothesized that Kyn may enhance thrombosis after vascular injury. We first probed percentiles, respectively. The lower and upper whiskers represent the minimum and maximum values, respectively. Note that statistically significant differences (P,0.001) were observed between the "event" and "no-event" groups for each case other than IA. (K) Box plot showing the endothelial cell TF activity for the "event" and "no-event" groups (P,0.001). (L) PCA on the components of the thrombosis axis was performed and the first two principal components capturing a major portion of the total variance of the original measurements are shown. The subjects belonging to the "event" group are shown in yellow and those in the "no-event" group are shown in blue. *P-value significant.
the mechanism of Kyn's prothrombotic activity through the AHR-TF axis, considering earlier reports showing Kyn to be a ligand for AHR in other cell types 28, 29 and our own findings of AHR upregulating TF expression. 11 We examined AHR signaling and TF in primary human aortic vSMCs in response to a wide range of Kyn concentrations. We observed a dosedependent increase in AHR activity and TF expression and activity with increasing concentration of Kyn, all of which were suppressed by a specific AHR inhibitor (CH223191) 30 ( Figure 4 , A-C). These data indicate that Kyn at the concentrations observed in patients with CKD activates AHR signaling to upregulate TF.
To evaluate the effect of Kyn on vascular injury-associated thrombosis in vivo, we generated a novel animal model wherein carotid artery thrombosis was examined in the milieu of elevated Kyn levels. Kyn levels were elevated in these animals by injecting Kyn and simultaneously blocking its excretion using probenecid, as done for other uremic solutes. 9, 31 This protocol and dosage yielded serum Kyn concentrations comparable to those observed in humans with ESRD 32 ( Figure 4D ). The animals were subjected to the carotid artery ferric chloride (FeCL 3 ) injury model, a standard model of post-vascular injury thrombosis. 33 The drop in carotid artery blood flow to baseline (time to occlusion, TtO) as detected in real-time with an ultrasound probe served as an end point of the study ( Figure 4E) . 9 There was a significant reduction in TtO in the Kyn group compared with the controls, and TtO improved significantly with CH223191. These data indicate that Kyn enhances postinjury thrombosis in an AHR-dependent manner ( Figure 4F ).
DISCUSSION
Markers of thrombosis currently used in clinical practice do not include the disease-specific risk factors or the vessel wall mediators critical to thrombosis after vascular injury. We have performed a comprehensive analysis that elucidates the nodes of a thrombosis axis at the intersection of endogenous metabolites and vessel wall factors. These findings, along with previous observations in other models, 11, 13 underscore the importance of the uremic solute-AHR-TF axis as a potential marker of thrombosis in humans. We found higher blood concentrations of Kyn in the thrombosis groups from both the DAC-Fistula and TIMI-II trial cohorts, and higher blood levels of IS in the thrombosis group of the DAC-Fistula trial cohort. Importantly, we uncovered Kyn as regulator of TF through AHR. Further, we demonstrate higher AHR and TF activities in patients with thrombosis in both trials. Pattern recognition analysis highlighted the biomarker potential of this thrombosis axis.
Circulating metabolites are often associated with clinical events. [34] [35] [36] However, the current work differentiates itself from such studies. First, in addition to metabolites, nodes of the signaling axis-the ligand (uremic solutes), the mediator (AHR signaling), and the effector molecule (TF)-were correlated to thrombosis. Second, the results from both the trials In so doing, it also provided a mechanistic rationale to previous epidemiologic studies that linked Kyn to cardiovascular diseases in patients both with CKD and without CKD [37] [38] [39] and to other reports of TF and AHR as mediators of atherothrombotic disease. [40] [41] [42] Thrombosis after Vascular Surgery Although the clopidogrel-treated group showed overall reduced AVF thrombosis compared with the placebo-treated group in the DAC-Fistula trial, 14, 20 12% of patients still experienced AVF thrombosis. Our subgroup analysis of clopidogrel-treated individuals with thrombosis revealed significantly higher levels of AHR and TF activities as well as uremic solutes compared with the nonthrombosis group (Supplemental Figure 4 ). This implies that even with an antiplatelet regimen, observed thrombotic events were perhaps triggered due to other signaling pathways. The uremic thrombosis axis represents such a pathway, which warrants further exploration in patients with CKD experiencing thrombosis despite being on antiplatelet therapy. The DAC-Fistula study did not show an increase in IA in the event group, whereas IS was significantly higher in patients with AVF thrombosis. This observation suggests that not all indolic solutes are the same and that IS and IA may have divergent roles. The study of TF activity in endothelial cells has implications for other models of thrombosis. Venous thrombosis occurs on the dysfunctional endothelial monolayer. 43 The increase in the endothelial cell TF activity in the thrombosis group in patients with advanced CKD/ESRD may suggest contribution of the uremic thrombosis axis to the pathogenesis of venous thromboembolism. This may also explain CKD/ESRD as a risk factor for venous thromboembolism (incidence in normal renal function 66 of 100,000 patients versus ESRD 527 of 100,000 patients). 44, 45 Postangioplasty Thrombosis Although the TIMI-II study was conducted two decades ago, the findings from that trial are relevant currently because the nature of vascular injury and the postinterventional bed remain similar, with the current standard-of-care treatments such as PTCA followed by stenting. groups for the measured indicators in the TIMI-II trial. Statistically significant differences (P,0.001) were observed between the "event" and "no-event" groups for each case. (I) First two principal components capturing a major portion of the total variance of the original data are shown. The patients belonging to the thrombotic "event" group are shown in yellow and ones in the "no-event" group are shown in blue. *P-value significant. cells. An average of TF activity performed in three independent experiments done in duplicate is shown. Error bars=SD. Compared with the control (Kyn=0 mM), the P values were P=0.01 for Kyn of 1 mM and P,0.001 for Kyn concentrations of 10 and 100 mM. A significant reduction in TF activity was noted at all of the concentrations of Kyn from 0.001 to 10 mM with CH223191 (P=0.001 for Kyn from 0.001 to 5 mM and P=0.03 for Kyn 10 mM). (D) Generation of Kyn levels equivalent to levels found in patients with ESRD. Blood samples collected from animals exposed to a combination of probenecid and Kyn were analyzed using LC/MS. Probenecid-injected animals served as controls. An average of Kyn levels from five animals at the end of 4 days of exposure and before thrombosis assay is shown. The P value corresponds to a significant increase in serum Kyn levels in the probenecid+Kyn group compared with the probenecid group alone. Error bar=SD. (E) The pattern of carotid artery blood flow with occlusion due to thrombus is shown. An ultrasound probe measured carotid artery flow in five C57BL/6 animals and was noted to be 1.25-2 ml/min. The flow was monitored for 20 minutes after the application of 10% FeCl 3 strip. The time till the blood flow dropped to baseline was considered as TtO and is depicted by an arrow. A representative carotid artery blood flow pattern is shown from five animals in each group. (F) Kyn enhances thrombogenicity in an AHR-dependent manner. The TtO was compared within two groups after 5 days of exposure to different agents. An average of TtO from five animals is shown. A significant reduction in TtO with Kyn was noted. Error bars=SD.
Differences in the metabolomics patterns between two trials may point to specific mechanisms of solute elevation. In contrast to the DAC-Fistula trial, IS levels were not higher in the thrombotic group of the TIMI-II cohort ( Figure 3D ). Unlike the DAC-Fistula cohort (consisting of patients with CKD stage 5 and ESRD), the TIMI-II cohort had lower levels of IS, because it consisted of subjects with CKD stage 2 or 3 (66%) and none with ESRD. Although the level of IS corresponding to CKD stage 2-3 in vSMCs doubled TF levels in a previous study, 11 this discrepancy between the cell-based model and human data warrants further investigation. Higher levels of Kyn were observed in the thrombotic group without any differences in renal function in the TIMI-II cohort ( Table 2 ). This result implicates factors other than reduced excretion. In line with the complex multistep metabolism of Kyn, it is likely that the levels of Kyn may be influenced by factors including dietary composition, microbiome, and metabolic enzymes, etc. 32, 46, 47 Furthermore, inflammation, oxidative stress, and endothelial dysfunction, all of which are increased in the setting of acute coronary syndrome, can also increase Kyn in blood. 48 Enhanced TF levels in the vessel wall induced by solute-AHR signaling triggering the extrinsic coagulation pathway to generate thrombin in blood may have therapeutic implications. Although traditionally anticoagulants and antiplatelet agents are used for venous and arterial thrombosis, respectively, 1 our current data support targeting either the CKD-specific thrombosis axis and/or the thrombin-based anticoagulants to suppress the extrinsic coagulation cascade downstream of TF activation, especially in patients with CKD, for effective antithrombosis after vascular intervention.
Pattern Recognition
Unsupervised clustering is a part of machine learning that is commonly used to cluster data that have several dimensions. Many of these methods also allow for dimensionality reduction which then facilitates data visualization, [24] [25] [26] [27] while retaining the same level of information but in an embedded form. When these reduced dimensions are visualized on a 2D plot, potential clustering/grouping of patients on the basis of their event status can be observed. For example, in our study, independent processing of the datasets using four pattern recognition techniques resulted in distinct clustering of the "event" group. These data suggest the solute-AHR-TF pathway as a candidate biomarker signature for thrombosis after vascular injury in patients with CKD. However, sufficiently powered prospective studies are warranted to validate the components of the uremic axis before being considered for clinical use.
Study Limitations
Because of limited availability of sera samples, only a subset of the TIMI-II cohort (11%) was analyzed. The TF activity was measured only in vSMC in the TIMI-II study due to inadequate quantity of samples. Both trials allowed analysis of a single sample for the parameters, which are known to fluctuate over time. To fully characterize the hyperthrombotic uremic milieu, future studies are required with access to larger numbers of samples obtained at multiple time points from cohorts with similar outcomes and preferably with longitudinal follow-up data. 49 Although the stability of solutes was examined only over a 4-year period (Supplemental Figure 5) , the detrimental effect of extended storage especially on TIMI-II samples cannot be ruled out. We did not analyze the free fractions of the solutes, which are considered to be pathogenic. 23 This does not represent a major shortcoming, because studies have demonstrated a high degree of correlation of total solutes with the free fractions 50 and with overall and cardiovascular mortality in patients at different CKD stages. 51 Caution is warranted in interpreting eGFR values in both the studies. The creatinine assays for both the trials were not calibrated using isotope dilution mass spectrometry, an accurate method of creatinine assay standardization recommended for calculating eGFR equations and comparing creatinine values measured in different laboratories or at different times. 52 Because thrombosis remains a common and a potentially fatal complication of vascular interventions, its precise risk estimation is imperative. Our study represents an integrative approach focused on probing the disease-specific risk mediators via mechanistic studies at biochemical and computational levels, such as machine learning-based analysis, in human cohorts. Such an approach will allow refinement of the thrombotic risk prediction, with a potential of enhancing the precision in the individualized antithrombotic management of a patient. This work supports further examination of the components of this thrombosis axis to stratify patients at risk for thrombosis. Although this study focused on patients with CKD, exploration of the solute-AHR-TF axis is warranted in other models of thrombosis such as venous thromboembolism and in various disorders characterized by hyperthrombotic phenotype.
CONCISE METHODS
Acquisition of sera samples, assessment of the stability and preanalytic variability of metabolites and assays, cell lines used, and selection of optimum concentrations of sera in different assays are described in the supplemental information, i.e., in the legends to Supplemental Figures 5, 6 , and 7, and in the Supplemental Methods.
Pattern Recognition
We leveraged both linear and nonlinear dimensionality reduction techniques to visualize high-dimensional data obtained from metabolomics and activity assays by projecting them onto a two-dimensional map while preserving the separation between "event" and "no-event" subgroups. This type of mapping takes advantage of the inherent structure of the high-dimensional data and attempts to embed the data into a subspace of lower dimensionality (typically 2D or three dimensional (3D) representations), making it convenient for one to visualize possible clustering of the subgroup data. Four different techniques were used-PCA, neighborhood components analysis, t-distributed stochastic neighbor embedding, and locality preserving projections. These techniques are described in more detail elsewhere. [24] [25] [26] Generation of a Kyn-Specific Thrombosis Model A group of C57BL/6 mice (Jackson Labs), 12-16-week-old females and males, were administered Kyn dissolved in DMSO and further diluted in PBS at 0.5 mg/kg intraperitoneally once a day, and the excretion was inhibited by probenecid (150 mg/kg administered intraperitoneally twice a day). Probenecid is an inhibitor of organic anion transporter 1 and 3, and suppresses the excretion of Kyn. Serum Kyn levels were measured on days 0 and 5, using LC/MS developed and validated for the measurement of Kyn in serum, after which the animals were subjected to FeCl 3 -mediated carotid injury, performed as we described previously. 33 Briefly, the right carotid artery was exposed in animals under isoflurane anesthesia, and basal blood flow recorded using a 0.5PSB S-series flow probe connected to a TS420 perivascular transit-time flow meter (Transonic, Ithaca, NY). The probe was removed, and a piece of Whatman filter paper (1310 mm) soaked in FeCl 3 (Sigma-Aldrich, St. Louis, MO) was placed under the carotid artery for 1 minute. After washing with warm physiologic saline (0.9% NaCl), the probe was returned, and volume of blood flow was monitored for 20 minutes starting from the placement of the filter paper. Mean, maximum, and minimum carotid flow was recorded using Powerlab Chart5 version 5.3 software, in 1-second intervals. TtO was determined as the first measurement, 0.299 ml/min. Average basal flow volume corresponds to an average of measurements over the 30 seconds preceding placement of the filter paper.
